Based on an idea that spatial separation of charge states can enhance quantum coherence, we propose a scheme for a quantum computation with the quantum bit ͑qubit͒ constructed from two coupled quantum dots. Quantum information is stored in the electron-hole pair state with the electron and hole located in different dots, which enables the qubit state to be very long-lived. Universal quantum gates involving any pair of qubits are realized by coupling the quantum dots through the cavity photon which is a hopeful candidate for the transfer of long-range information. The operation analysis is carried out by estimating the gate time versus the decoherence time. DOI: 10.1103/PhysRevB.65.205301 PACS number͑s͒: 73.61.Ϫr, 03.67.Lx, 89.70.ϩc To build a practical quantum computer is a challenging task, since the computational quantum objects ͑the qubits͒ must be suffficiently isolated from the dissipative environment, precisely and conditionally manipulated, efficiently read-out and initialized, and most importantly, scalable.
Based on an idea that spatial separation of charge states can enhance quantum coherence, we propose a scheme for a quantum computation with the quantum bit ͑qubit͒ constructed from two coupled quantum dots. Quantum information is stored in the electron-hole pair state with the electron and hole located in different dots, which enables the qubit state to be very long-lived. Universal quantum gates involving any pair of qubits are realized by coupling the quantum dots through the cavity photon which is a hopeful candidate for the transfer of long-range information. The operation analysis is carried out by estimating the gate time versus the decoherence time. To build a practical quantum computer is a challenging task, since the computational quantum objects ͑the qubits͒ must be suffficiently isolated from the dissipative environment, precisely and conditionally manipulated, efficiently read-out and initialized, and most importantly, scalable. [1] [2] [3] To date, a variety of quantum computation ͑QC͒ schemes based on some unique systems have been proposed. 4 -14 Although in a number of systems the proof-of-principle has been convincingly demonstrated, great challenges exist in achieving a useful quantum computer. No single system has emerged as a clear leading candidate, each having its merits and drawbacks with respect to the requirement of scalability and fault tolerance. In regard to the scalability, the solid-state implementations should represent one of the most promising directions.
A representative possibility for solid-state QC is the statein-art technology based on quantum dots ͑QD's͒. In quantum dots, the discrete electronic charge states or spin states can be exploited to encode quantum information, and the transfer of information between qubits can be mediated, for example, by electron-electron Coulomb interaction, [15] [16] [17] [18] [19] [20] [21] or by optical cavity photon or vibrational phonon as a data bus. [22] [23] [24] [25] In particular, impressive experimental progress on coherently operating and entangling charge and spin states in QD's have been reported very recently. 26 -28 The main drawback to encode quantum information in charge states of quantum dots is the severe decoherence. To overcome it, a possible way is to apply relatively strong laser pulses to perform ultrafast operations. 15,19,20,26 -28 In our recent work, 18 a scheme to reduce the decoherence of charge states in quantum dots was proposed to build up a single qubit from two coupled QD's. We showed that the spatial separation of the logic states can efficiently reduce the qubit decoherence. Nevertheless, several shortcomings exist there and in some of the aforementioned QC schemes based on QD's. ͑i͒ In each qubit ͑two coupled QD's͒, one and only one excess electron is required in the conduction band. This is a challenging task within current technology. ͑ii͒ The intersubband transition with THz lasers is currently not a mature technology. ͑iii͒ The coupling between qubits is mediated by Coulomb interactions, which makes it very difficult to perform conditional gate operation between any pair of qubits.
In this paper, still based on the idea by constructing a single qubit from two coupled QD's to reduce decoherence, we propose an alternative scheme to remove all of these shortcomings. In this newly proposed scheme, no excess electron is required in the qubit, and quantum information is stored in electron-hole pair state. An all-optical approach is suggested for transition between valence and conduction band states that only require the well-known available laser sources. Viewing the advantages of the cavity QED effect, the cavity photon is believed to be an ideal candidate for the transfer of information, with which conditional quantum gate operation can be performed between any pair of qubits. In the proposed structure the quantum measurement of the qubit states can be achieved also optically through the quantum state holography. Specifically, the amplitude and phase information of the qubit state ͑i.e., the electron-hole pair state͒, can be extracted through mixing it with a reference state generated in the same system by an additional delayed laser pulse and detecting the total time-and frequency-integrated fluorescence as a function of the delay time. 29, 30 The physical system we are concerned with for quantum computation is similar as that proposed by Imamoglū et al., 22, 23 i.e., many QD's are located in an optical microcavity. Both the QD's and cavity are three-dimensionally ͑3D͒ confined; however, the cavity has a size and thus the fundamental wavelength much larger than the individual QD. In our structure, we suggest to use two weakly coupled QD's to construct a qubit as shown in Fig. 1 . We assume a relatively large distance between neighboring qubits such that the qubits can be selectively addressed by lasers, and the Coulomb correlations between them can be neglected. As have mentioned above, in our structure no excess single electron is required in the conduction band. The quantum information is stored in electron-hole pair state: the qubit logic states ͉0 ͘ and ͉1 ͘ correspond to the ground state and an electron-hole pair state, respectively. ͑Here the tilde is used to distinguish the notation of logic states from the cavity states.͒ A key idea of this work is to create the electron-hole pair state with electron and hole locating largely in different dots of the qubit, which is expected to have much longer lifetime than its counterpart in a single dot. In the following, we detail two means of qubit transition as shown in Fig. 1 : one involves the cavity-photon participation; another does not. As will be shown later, the cavity-photon can play a data-bus role to couple any pair of qubits.
The relevant electronic states for optical transition are shown in Fig. 1 by ͉e͘, ͉ẽ ͘, and ͉v͘, respectively, which are resulted by accounting for weak coupling from the HOMO and LUMO states of the two individual QD's with different sizes. Due to the confinement, we assume no intermediate levels between the two lowest conduction band states and between the highest valence band states. In general, in the absence of magnetic field, both the HOMO and LUMO levels are spin degenerate. However, in the present proposal, we exploit the charge states rather than the spin states to store quantum information, thus the superposition and even the decoherence of spin states are irrelevant to the logic states. For this reason, the spin index is omitted in the state notations. We first consider the qubit operation involving no cavity photon participation. In this case, by turning on a travelling-wave laser field with frequency 1 on resonance with the energy difference between ͉e͘ and ͉v͘, the Rabi transition takes place under the interaction
Here ⍀ 1 is the Rabi frequency, and is the laser phase. With the use of this interaction, arbitrary single-qubit operations can be performed. Next, consider the cavity-photon involved transition. This is an essential ingredient to realize the two-qubit gate, in which the cavity photon plays a role of data-bus to control the two-qubit state evolution. Switching on a laser action with frequency 2 ϭE e ϪE v Ϫ c , a resonant transition from ͉v͘ to ͉e͘ takes place by involving two photons, namely, the 2 laser photon and the c cavity photon. A simple perturbation theory gives rise to
with ⍀ eff ϭ⍀ 2 ⍀ c /␦. Here ⍀ 2 is the optical coupling strength between ͉ẽ ͘ and ͉v͘ associating with the laser field, and ⍀ c is the coupling strength between ͉e͘ and ͉ẽ ͘ due to the cavity field. ␦ is the detuning between the laser frequency and the transition energy from ͉v͘ and ͉e͘, i.e., ␦ϭ 2
Ϫ(E ẽ ϪE v ). Note that this second-order process is mediated via the intermediate state ͉ẽ ͘. However, due to the offresonance of the laser frequency with the transition ͉v͘ →͉ẽ ͘, there is no real occupation on state ͉ẽ ͘, accordingly its relatively strong decoherence resulting from its radiative recombination with the intradot hole ͉v͘ is avoided. In the latter part of this paper, we will show that owing to the spatial separation of ͉e͘ from the states in the larger dot, the coherence of qubit state ͉e͘ can be essentially improved.
To realize the conditional two-bit gate such as the control NOT ͑CNOT͒, typical methods include the Cirac-Zoller ͑CZ͒ protocol, 5 or the pulse technique developed in the spin QC model. 9 In the proposals based on QD's in cavity, both of these two gating techniques have been employed. 22, 23, 25 Very recently, an improved gating technique for the ion-trap QC was developed where only two electronic states are required, and the third auxiliary state in the CZ protocol is not needed. 31 In the following, we employ this technique in our scheme with certain modification due to the only red-band pulse in our case. To make the description more transparent, we introduce the following notations: the states of the control qubit ͑the jth one͒ and the target qubit ͑the kth one͒ together with the cavity photon are denoted as ͕͉ã j b k ͉͘p͘ ϵ͉ã j ͉͘b k ;p͘:a,b,pϭ0,1͖, where 0 and 1 correspond to either the qubit state ͑i.e., logic ͉0 ͘ϵ͉v͘ and ͉1 ͘ϵ͉e͘), or the cavity field state with zero and one photon. Below we outline how to realize the CNOT gate.
͑i͒ First, swap the control qubit state to the cavity photon state
Hereafter the evolution operator R j(k) (,) is determined by the interaction Hamiltonian H I (2) in terms of R(,) ϭexp͓i/2(͉e͗͘v͉ae i ϩH.c.)͔, where ϭ2⍀ eff T with T the duration time of the laser pulse.
͑ii͒ Now, the cavity photon can play a role of control qubit, which controls the evolution of the target qubit. A series of pulse operations on the kth qubit by involving the participation of the cavity photon yield 
G k
where ␦ϭe i 0 , and 0 ϭ/2ͱ2. We see that the cavity photon has played a control role in the conditional evolution of the kth qubit. In Eq. ͑4͒, G k constitutes a series of operations on the kth qubit, G k ϵH k ͓ P k Z k ( 0 )͔H k . Here H k and Z k ( 0 ) are the single-qubit Hadamard and phase transformations
In the subspace ͕͉0 k ;0͘,͉0 k ;1͘,͉1 k ;0͘,͉1 k ;1͖͘, the operator P k has a diagonal form
͑iii͒ Finally, the cavity photon state is swapped back to the qubit state by performing operation R j (,)͉0 j ;1͘ ϭie i ͉1 j ;0͘, on the jth qubit. After a phase gate Z j (Ϫ 0 ) on the jth qubit, the standard CNOT gate is realized
where
In the remainder part of this paper, we present an analysis for the QC operation. In Ref. 18 , based on a model GaAs system and disk geometry for the QD's, we have demonstrated by detailed numerical calculations that the ratio ϭ d / G can be enhanced remarkably by the spatial separation of the qubit states, where d and G are the qubit decoherence and gating time, respectively. In what follows we provide an alternative way to understand this issue in general, not specifying the concrete QD material and geometry.
In the approximation of two-level model, ͉e͘ and ͉ẽ ͘ come from the coupling of two isolated dot states ͉d͘ and ͉d ͘ The decoherence time of the qubit state is characterized by the relaxation time of ͉e͘. In our structure, the main intrinsic decoherence mechanisms come from the radiative relaxation and electron-phonon scattering. For both mechanisms, the relaxation rate can be expressed on the basis of Fermi golden rule as to the cavity photon involved or noninvolved transition. As a consequence, the gate ratio ϭ d / G will be enhanced by a factor ϳ1/ͱ␥ due to the spatial separation of the qubit states. Note that ␥ϭt 2 /(⌬ 2 ϩt 2 ), which can be a considerably small factor by reducing t and increasing the energy-level separation ⌬. A similar conclusion has been quantitatively demonstrated by numerical calculation in Ref. 18 .
We now parametrize the gate operation and decoherence times. Generally, consider each qubit consisting of two weekly coupled quantum dots with coupling strength between ͉e͘ and ͉ẽ ͘ ͑see Fig. 1͒ as, for example, t ϭ0.01 meV, and energy difference ⌬ϭE e ϪE ẽ ϭ10 meV due to the distinct dot sizes. With these parameters, the spatial separation factor ␥ϭ10 Ϫ6 . Concerning the optical coupling with the electronic states, for the intradot interband transition due to the laser pulse, we assume a coupling strength ⍀ 2 ϭ0.1 meV; and for the intradot state coupling with the cavity photon, a typical value of ⍀ c ϭ300 MHz is adopted here. 22, 23 To avoid a real occupation on the state ͉ẽ ͘, a detuning ␦ϭ1 meV is assumed between the laser frequency and the energy difference between ͉ẽ ͘ and ͉v͘. As an approximate estimate, for the cavity-photon involved transition from ͉v͘ to ͉e͘, the effective Rabi frequency ⍀ eff ϭ⍀ 2 ⍀ c /␦Ӎ30 KHz; and for the same transition in the absence of cavity photon, the Rabi frequency ⍀ 1 ϳͱ␥⍀ 2 ϭ10 Ϫ4 meV. As a consequence, for single qubit operations, the operation time is of the order of hundreds nanosecond, whereas for two-qubit conditional operations, the characteristic time is determined by the Rabi frequency ⍀ eff in terms of G ϭ/⍀ eff Ӎ10 Ϫ4 sec. For the decoherence time, we note that with current technology the quantum dot is available with energy level spacing larger than 10 meV, thus we assume no other electronic states between ͉e͘ and ͉ẽ ͘ in our structure. As a result, the intrinsic decoherence channels would be the radiative relaxation and electron-phonon scattering from ͉e͘ to ͉ẽ ͘ and ͉v͘.
For the spontaneous emission, if the quantum dot has certain geometric symmetry, it has been shown that the so called dark states can have radiative lifetime longer than microsecond. 32 Moreover, due to the CQED effect resulting from three dimensional cavity with high finesse, the spontaneous emission lifetime can be further suppressed. With these considerations, the radiative lifetime of the intradot conduction band state ͑e.g., radiative transition from ͉ẽ ͘ and ͉v͘) can be longer than tens to hundreds of microsecond. 32 For the decoherence due to interaction with phonons, the energy level spacing of 10 meV between ͉e͘ and ͉ẽ ͘ can be much different from the LO phonon energy, thus the phonon induced relaxation from ͉e͘ to ͉ẽ ͘ is determined by the acoustic phonon scattering. Following Bockelmann et al., 33, 34 the electron acoustic-phonon scattering rate will decrease rapidly with increasing the electronic level spacing. For example, in Ref. 23 , acoustic phonon scattering time of ϳ150 s has been carried out for a similar energy level spacing ͑i.e., for 12.25 meV͒. Therefore, as an order of magnitude estimate, if we adopt an intradot relaxation time ( d ) of tens of microsecond, the qubit decoherence time can be as long as tens of second ͑note that d ϭ d /␥ϳ10 6 ϫ d ), owing to the spatial separation of the qubit states. Within this time scale, the single bit rotation can be performed as high as 10 8 times, and the two-bit CNOT gate can be performed about 10 4 times. Other sources to decoherence include, e.g., the inhomogeneity of quantum dots and loss of cavity photons. Since the qubit is selectively addressed by lasers, the former might be overcome by individually tuning the laser frequency with the qubit states. The central challenge to realize the proposed QC scheme is the development of few-mode THz cavities with extremely low loss. An attractive candidate is the dielectric cavities, which is currently an intensive research field.
In the above discussion for decoherence, we have followed the conventional approach to neglect the effect of LO phonon scattering due to the large energy difference between the LO phonon and the electronic level spacing. This treatment is reasonable if the LO phonon has infinite long lifetime. It seems, however, questionable if one takes into account the finite lifetime of the LO phonons. Our calculations showed that the confined LO phonons in quantum dots have similar lifetime as in bulk materials, with the order of magnitude of picosecond. 35 As a consequence, the LO phonon can induce electron relaxation even under the off-resonance condition. 36 In the weak coupling limit as discussed here due to the spatial separation of qubit states, it can be shown 36 that the LO phonon induced relaxation time is proportional to g Ϫ2 , with g being the coupling strength between electron and LO phonons. Since this effect is still a topic in debate in the context of phonon bottleneck in quantum dots, we are not quite sure whether it is a severe decoherence resource in the above proposed QC scheme. To further improve the phonon scattering induced decoherence, a slightly modified qubit structure can be designed as follows. Similar as shown in Fig. 1 , each qubit still constitutes two quantum dots. We suggest here to use two identical quantum dots, and to apply constantly a static electric field that results in an energy level structure as depicted in Fig. 2 . In this qubit structure, the information is also stored in the states ͉v͘ and ͉e͘, and ͉ẽ ͘ plays a role of mediating transition with only virtual occupation on it. The gate operations based on this structure can be performed similarly as in the previous one, only noticing that the cavity-photon involved interaction Hamiltonian is now in the form of H I (2) ϭ⍀ eff ͓͉e͗͘v͉a † e i ϩH.c.͔, instead of Eq. ͑2͒. As a result, the swap operation corresponds to generating a cavity photon via the transition from ͉v͘ to ͉e͘, and annihilating a cavity photon vice versa. The main advantage of this scheme is that the phonon scattering from ͉e͘ to ͉ẽ ͘ can be almost completely suppressed in the low-temperature limit. In particular, there would be no LO phonon excitations. Another merit is that the electric field can be conveniently used to tune the level spacing between ͉e͘ and ͉ẽ ͘ in near resonance with the cavity photon energy. The price paid here is the constant FIG. 2. An alternative configuration for qubit construction from two coupled identical QD's in the presence of external electric field. This structure is expected to be able to suppress phonon scattering from ͉e͘ to ͉ẽ ͘ in the low-temperature regime. The price paid here is the use of external electric field which might cause additional dephasing.
presence of an external electric field, whose thermal fluctuations ͑the Johnson noise͒ may cause additional dephasing. Fortunately, in our scheme the electric field is not varied to perform the logic operations. Thus the electrodes which generate the electric field can be connected to a superconducting ground, which can remove the thermal fluctuations since there is no dissipation.
In summary, we proposed a scheme based on coupled QD's embedded in optical microcavity to implement quantum computation. The proposed qubit constructed from two weakly coupled QD's is expected to have long decoherence time due to the spatial separation of the logic states. The recent progress of gating technique in ion-trap QC enables us to realize the universal quantum gate in our structure based on certain simple electronic state configuration, namely, the LUMO and HOMO states. From the consideration on the tradeoff between phonon scattering and fluctuations of electrostatic field, we suggested two possible qubit configurations for practical choice. The most challenging aspect in the proposed QC scheme is to locate QD's in optical cavity with high finesse. Modification to the proposed gating scheme is possible by using the cavity state only as a virtual state, which can in certain sense relax the requirement to the cavity finesse.
